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ABSTRACT 


The  Vanguard  sequence  diagram  Is  introduced  as 
a  means  of  graphically  presenting  the  operation  of 
complex  systems.  This  diagram  represents  system 
components  and  their  changing  states  as  they  Interact 
sequentially.  Thus  it  shows  at  a  glance  the  state  of 
every  component  at  any  Instant  in  a  nominal  operation 
of  the  system,  as  well  as  all  the  events  occurring  at 
any  Instant  and  the  components  involved  in  each  event. 


Hie  utility  of  the  sequence  diagram  is  discussed 
and  various  amilicatlons  are  suggested.  The  method 
of  interpreting  the  diagram  is  explained  and  Illus¬ 
trated  in  a  simple  example.  To  demonstrate  a  com¬ 
plete  application,  the  complete  nominal  flight  operation 
of  the  first  Project  Vanguard  rocket  test  vehicle  Is 
presented  as  an  appendix.  In  both  sequence  diagram 
and  conventional  narrative  forms.  .. 

vv 


PROBLEM  STATUS 

This  is  an  interim  report  on  one  phase  of  the 
problem;  work  is  continuing. 


AUTHORIZATION 
NRL  Problem  A02-85 
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PROJICT  VANQUARD  RXPORT  NO.  31 

THS  VAlKiUARO  SEQUENCE  DIAGRAM.  A  CRAPHICAJL  METHOD 
or  PRESENTING  COMPLEX  SYSTEM  OPERATION 


INTROOUCTDN 

TIm  growliig  nMd  for  a  maans  of  graphically  preaeoUiig  the  operation  of  a  complex 
derlce  In  which  a  preodetermlned  aequence  of  evante  occura  haa  led  to  the  development 
of  the  Vanguard  aequence  diagram.  Thla  diagram  haa  a  wide  utility  to  peraonnel  In  all 
aapecta  of  programa  concerned  with  conqilex  aequenced  devlcea,  auch  aa  mlaallea. 

The  aample  aequence  diagram  preaented  In  Appendix  A  repreaenta  Project  Vanguard'a 
Initial  Rocket  Teat  Vehlele,  TV-0  (Viking  IS).  A  diagram  for  the  aatelllte  launching  vehicle 
la  In  preparation  and  will  be  the  auhject  of  a  later  report. 

Thla  paper  will  preaent  a  apeclflc  application  of  the  aequence  diagram  to  a  rocket- 
powered  vehlele,  atablllaed  and  directed  by  lidamal  eontrola  eomponenta,  and  will  depict 
graphically  the  varlona  atatea  which  exlat  during  the  nominal  launching  program.  In 
addition,  a  brief  nomenclature  la  Included  to  identify  the  compmient  atatea  and  functlona. 


8COPK  OF  THR  DIAORAM  AND  OEPlNmONS 

The  aequence  diagram  can  relate  the  following: 

1.  The  number  of  given  atatea  in  which  a  eompcMient  functlona  and  the  relative 
aequence  of  theee  atatea.* 

2.  The  Immediate  cauae  and  any  neceaaary  condltlona  for  a  component  changing  Ita 
atate,  and  the  Immediate  effect.  If  any,  of  the  change  on  other  eomponenta. 

3.  The  meana  by  which  one  component  in  changing  Ita  atate  affecta  another;  e.g.,  by 
an  electrical  current,  mechanical  linkage,  combuation  proceaa,  etc. 

4.  The  number  of  eomponenta  Involved,  and  the  number  of  dlacrete  eventa  that  muat 
occur,  in  order  to  proceed  from  one  point  In  a  nominal  program  to  a  aubaequent  point; 
thla  provldea  an  Index  of  complexity  for  comparing  varlona  phaaea  of  the  program. 

The  following  three  terma  are  need  with  apeclal  algntflcance  relative  to  the  aequence 
diagram: 


Oonqwoant: 

Aa  defined  here,  a  component  may  be  removed  from  a  ayatem  or  aaaembly  in  the 
vahiela,  but  la  not  generally  auhject  to  further  dlaaaeembly.  Kxamplea  of  conqxmenta  are: 
a  relay,  a  gyro,  or  an  autopilot  anqtllfler  channel.  Inch  component  la  aaaigned  a  qpace 
runnlag  horlaontally  acroaa  the  aequence  diagram,  with  the  name  of  the  component  at  the 
left  margin. 

*A  complete  descriptioB  of  a  component  and  ita  mode  of  functioning  in  aevaral  atatea, 
including  the  nature  of  tranaitiona  between  atatea,  can  be  given  on  auxiliary  conq>oneat 
informatimi  aheata. 


1 


2 


NAVAL  IIIIAICM  lASOIATOiV 


CompoMiit  State: 

Hie  component  state  la  a  paztleular  condition  of  the  component,  generally  a  steady- 
state  condition,  characterised  by  the  component's  posltloa,  operatloii.  Input,  ou^xit,  etc. 
Examples  of  Component  States  are:  lor  a  two-posltlon  switch,  off  or  on;  for  a  gas  gener¬ 
ator,  generating  or  not  generating;  for  a  propellant  tank,  rent^  pressurised,  or  siqiply- 
ing  propellant. 

In  the  sequence  diagram  a  component  state  Is  Indicated  by  a  bar  placed  In  the  hori¬ 
zontal  apaces  assigned  to  the  components.  Suitable  nomencbdure  to  Identify  the  state 
and  transltiona  In  state  Is  Included  wlfliln  the  bar. 

Event: 

An  Event  la  generally  characterised  by  a  change  In  state  of  one  or  more  components 
at  a  point  In  time.  Some  of  these  are  causing  changes;  others  are  effected  changes. 

In  the  sequence  diagram  an  event  Is  indicated  by  a  vertical  line  along  which  symbols 
are  placed  to  differentiate  cause,  effect,  and  necessary  conditions. 


UHUTY  or  THE  raAORAM 

The  sequence  diagram,  as  a  means  of  relating  information  about  systems  operation, 
may  have  many  areas  of  a^^catkm.  Several  general  and  apeclfle  examples  are: 

1.  Studies  toward  increasing  overall  reliability  through  redesign. 

Reliability  improvement  studies  may  generally  proceed  along  one  or  more  of  the 
following  lines: 

a.  bcreased  component  reliability. 

b.  Decreased  complexity  through  reductkm  of  the  number  of  "series” 
conqmwnts  anchor  events. 

c.  Replacement  of  "series*  operation  with  "parallel*  operation;  the 
"redundancy*  concept. 

Ibe  master  sequence  diagram  has  utility  as  a  "woriL-sheet*  In  programs  ntniM 
lines  of  approach  b  and  c,  presenting  directly  a  list  of  components  and  their  modes  of 
tnteractkm.  La.,  the  overall  complexity,  and  number  of  series  and  parallel  operations 
Involved. 

2.  glacllltatlng  the  interpretation  of  wiring  diagrams,  propulsion  system  layouts,  etc. 

Using  the  seqaeace  diagram  to  establish  tlw  sequential  operation  of  a  system 
In  the  inteipretatlOB  of  other  schematic  presmitatlaas  which  may,  by  themselves,  require 
tedhms  staty  to  develop  aa  overall  gnmp  of  operations.  The  major  point  hare  Is  that  the 
state  of  evwy  cosapoasat  can  be  dstersiined  from  the  sequence  diagram  at  any  poiid  in  an 
operating  ssqaaace.  A  wiring  diagram  cannot  give  this  information  unless  relays  are 
given  a  tyeehd  code  for  order  of  operation,  ate.,  aa  awkward  procedure  at  best  la  the  ease 
of  a  ooai^as  tystem. 

3.  Basie  familiarisation  with  a  rocket-powered  vehicle  and  Its  conatltaent  tystems. 

Once  an  indlvldmU  has  beoonM  ftimiliar  wttk  tte  sequence  diagr>.m  concept  and  Its 
special  nomeaelatnre  and  tymboliam,  he  caa  B>hi  a  wooing  Bunlltaurlty  with  the  funetionli« 
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of  an  entire  vehicle  ae  well  as  Its  constituent  systems  In  a  relatively  brief  period.  Equip¬ 
ped  with  a  sequence  diagram,  a  person  otherwise  unfamiliar  with  a  system  can  discuss  It 
Intelligently  and  concern  himself  with  almost  any  basic  aspect  of  It. 

4.  Evaluation  of  ground  checkout  procedures  which  precede  a  rocket  launching, 
trouble-shooting,  and  estimation  of  the  adequacy  of  telemetering  instrumentation  for  post- 
flight  analysis. 

5.  Electrical  load  profile  for  the  flight  program  of  a  vehicle. 

With  the  aid  of  the  noaster  sequence  diagram  and  the  current  requirements  for  all 
individual  components,  an  electrical  load  profile  can  be  drawn  for  both  vehicle  and  ground 
equipment  for  the  entire  launch/flight  program,  or  portions  thereof. 


DESCRIPTION  AND  INTERPRETATION 
OF  THE  DUGRAM 

Hie  sequence  diagram  Is  basically  a  means  of  identifying  the  components  of  a  system 
and  their  changing  states  (horizontal  lines)  against  events  (vertical  lines)  occurring  as 
time  progresses  (to  the  right). 


Component  and  Component  State 
Indication  of  Component  State 

The  representation  of  a  component  and  its  state  is  illustrated  by  the  following 
example: 


Valve  ‘A*  closed  _ open _  closed 


From  this  the  following  information  can  be  gained:  Valve  'A’  normally  has  two  states, 
open  and  closed;  It  Is  Initially  closed,  opens  for  a  time  and  then  returns  to  its  closed 
position. 


Transitions  in  Component  State 

Hirust  Chamber,  n  not-firing  firing  >  not-firlng 

From  this,  the  following  information  can  be  gained:  The  thrust  chamber  (second  stage). 
Initially  not-flrlng,  undergoes  a  transition  to  Its  fuU-flrlng  state.  After  a  time,  shut-down 
occurs  and  It  returns  to  Its  Initial  state  through  another  transition,  of  shorter  duration 
than  the  Initial  thrust  buUd-up. 


Complex  Operation 

Main  Oxidizer  Valve  closed  prelim.  full  open  'y  closed 

From  this,  the  following  information  can  be  gained:  Ihe  main  oxidizer  valve  undergoes  a 
transition  from  its  closed  position  to  a  prelimlnary-q;>en  position,  and  thence,  after  a 
period  of  preliminary-open  operation,  through  a  considerably  longer  transition  to  the  full- 
open  position.  Finally,  the  valve  closes  through  a  relatively  short  transition  period. 
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Events;  CauseR  and  Effects 

The  following  symbols  are  used: 

O  Indicates  a  primary  causing  operation  or  operations. 

•  Indicates  operation  or  operations  effected. 

A  Indicates  a  necessary  condition. 

V  Indicates  an  either/or  causal  relationship. 

•  Indicates  a  control-loop  closure,  or  system  feedback  point. 

The  applicable  symbols  associated  with  a  single  event  are  tied  together  with  a  vertical 
line,  termed  the  event  line. 

Examples: 

a  Operation  a  causes  operation  b. 
b 

a  Operation  a  causes  operation  b,  provided  condition  c  exists, 
b 
c 

a  Either  operation  c  0£  operation  b  causes  operation  c. 
b 
c 

a  Both  operations  a  and  b  combined  will  cause  either  operation  c  S2X 
^  operation  d,  as  well  as  operation  e,  provided  condition  f  exists. 

c 
d 
e 


Time  Delay,  or  Timing  Operation 


1 


Hie  above  is  interpreted  as: 

From  event  1,  a  period  of  t  seccnds  ensaes  before  event  2  occurs. 


I 
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Appendix  A 


COliPLITI  SKQUIMCI  DIACttAli  AND  DI8CRIPTION 
OF  A  VANQUARD  TMT  VXHICLB 


In  the  following  pages,  the  complete  nominal  program  of  on  actual  large  rocket  fli^ 
will  be  described  in  both  narrative  and  sequence  diagram  fashion.  Hie  master  sequence 
diagram  will  be  found  inside  the  bock  cover  of  this  report.  Hie  numbers  assigned  to  the 
vartouB  components  <»  the  sequence  diagram  appear  in  parentheses  in  the  narrative. 


DESCRIPTION  CP  IRS  VEHICLE 

Vanguard  Test  Vehicle  0  (TV-0)  was  the  thirteenth  Viking  Rocket  Test  Vehicle 
(RTV-N-12b)  and  was  constructed  by  The  Martin  Company  of  Baltimore,  Maryland  for 
the  Naval  Research  Laboratory.  A  single-staged  vehicle,  its  airframe  was  a  cone-t^iped 
cylinder  with  four  equi-qpaced  delta-shaped  fins  at  its  base  (Figs.  A1  and  A2).  A  liquid- 
propellant  rocket  engine  (XLR  lO-RM-2)  provided  a  sea-level  thrust  of  20,300  pounds  for 
a  period  of  lOS.O  seconds.  The  propellants,  liquid  oxygen  and  ethyl  alcohol,  were  injected 
into  the  combustion  chamber  by  a  turbopunq)  driven  by  the  decomposition  products  of 
highly  concentrated  hydrogen  peroxide.  A  schematic  drawing  of  the  propulsion  system  is 
shown  in  Fig.  AS. 

The  vehicle  was  to  have  been  attitude-stabilized  by  internal  controls  until  nose-cone 
separation.  The  trajectory  (Fig.  A4)  was  established  ^  timer-controlled  precession  of 
the  vertical  gyro  about  its  pitch  reference  axis. 

Controlling  moments  about  the  pitch  and  yaw  axes  were  provided  by  the  gimboled 
thrust  chamber.  Control  about  the  vehicle's  roll  axis  was  obtained  through  movable 
aerodynamic  surfaces  at  the  tips  of  two  opposite  fins  during  those  portions  of  the  fli^t 
when  dynamic  pressure  was  sufficient  for  tab  control.  At  lift-off  and  at  high  altitude,  a 
reaction  jet  sj^m  siqiplanted  the  roll  tabs.  After  power  plant  cut-off  reaction  jet  control 
about  all  three  axes  was  employed. 

The  instrumented  nose  cone,  containing  tracking  and  telemetering  equipment,  was 
designed  to  be  disengaged  from  the  remainder  of  the  vehicle  on  the  descending  leg  of  the 
trajectory.  The  cone  was  designed  to  withstand  the  stresses  of  atmospheric  re-entry  snd 
to  be  oerodynomically  stable  until  impact. 

A  small  sphere  containing  a  proto^rpe  Mlnitrock  transmitter  was  to  be  ejected  for 
test  tracking  purposes  shortly  alter  cutoff. 

TV-0  was  launched  from  Cape  Canaveral  at  Patrick  Air  Fbrce  Bose,  Florida,  at 
0103  EST  on  8  December  1958. 
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Fig.  3  -  TV-O  propttliion  lyatem  acbeiriAtic  diagram  (numbers  correspond  to 
component  numbers  shown  on  TV>0  master  sequence  diagram) 
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KARRATTVf  DS8CRIPTK>N  OF  TV-0  OPBRATINa  8KQUKNCK 
Fll^t  Power  On 

At  T-5  minutes  in  the  normal  launching  count-down,  the  Tehiele  electrical  system  is 
transferred  from  the  ground  power  supply  to  the  vehicle  hattery  (S).  The  swttchlng  is 
achlsTed  by  momentarily  closing  the  'Power  liransfer*  switch  (02)  of  the  blockhouse 
firing  station;  this  sppUes  grou^  power  to  the  vehicle  power  stepping  relay  (1),  causing 
It  to  be  actuated  and  mechanically  retained  in  its  energising  position  and  tlnis  applying 
vehicle  power  to  the  coll  of  the  main  vehicle  power  transfer  contactor  (2)  which  in  turn 
becomes  energised  in  the  closed  position.  This  operation  disconnects  the  vehicle  main 
power  bus  (10)  from  its  ground  power  connection  and  connects  It  to  the  positive  terminal 
of  the  vehicle  batt;}ry.  In  addition,  provided  that  the  controls  manual  switch  (11),  is  closed, 
the  controls-can  bus  (12)  is  eneri^ed;  and  provided  that  the  safety  key  (13)  is  removed 
from  its  socket  in  the  aft  eectlon  of  the  vehicle’s  estemal  conduit,  the  powerplant  Junction 
box  bus  (14)  is  energised. 


Pressurisation 

At  T-90  seconds  the  vehicle’s  oxldlser  tank  (42),  nmln  peroxide  tank  (35),  and  controls 

Sroxide  tank  (37)  are  pressurised.  The  blockhouse  firing  station  pressurisation  switch 
4)  is  momentarily  closed  causing  the  pressurisation  relay  (24)  in  the  vehicle’s  power- 
plant  Junction  box  to  be  actuated  and  mechanically  retained  in  its  'latched*  position  - 
provided  that  the  f 'ise  security  relay  (06)  is  energised  cloeed,  indicating  continuity  through 
the  igniter  fusible  link  (012).  Actuation  of  the  pressurisation  relay  (24)  does  the  following: 
(a)  turns  on  the  vehicle’s  gas  regulator  (31)  allowin;’  it  to  reduce  and  re;,alate  the  high- 
pressure  gas  sphere  (32)  eource  to  approximately  450  pal  and  a«9ply  gas  to  the  vehicle 
propulsion  system  as  required;  (b)  energises  the  oxldlser  tank  vent  valve’s  pilot  solenoid 
valve  (36)  irtileh  pneumatically  closes  the  oxldlser  tank  vent  valve  (30);  (c)  energises  the 
peroxide  tanks’  vent  valves’  pilot  solenoid  valve  (33)  which  pneumatically  closes  the  main 
peroxide  tank  vent  valve  (34)  and  the  controls  peroxide  vent  valve  (36);  (d)  allows  the 
oxldiser  tank  pressure-regi^ing  system  (consisting  of  a  two-positton  pressure  sensitive 
switch  (40)  and  a  two-solenoid  valve  electric  regulator  (41))  to  bring  the  oxldlser  tank  (42) 
to,  and  maintain  it  at  rated  pressure  so  that  the  pressure  in  the  oxldiser  pump  inlet  line  is 
held  within  the  required  limits. 


Fire 


At  T-2  seconds  the  fire  conunand  is  given  by  closing  and  holding  closed  the  fire  cut¬ 
off  switch  (05)  of  the  blockhouse  firing  statton  to  the  'Fire*  position.  (R  is  necessary  that 
the  switch  be  held  closed  until  the  rocket  engine  begins  operating. )  Provided  that  the 
igniter  fuse  link  security  relio'  (06)  is  energised  (closed),  and  that  the  power  security 
relay  (03)  la  energised  (closed,  indicating  that  the  vehicle’s  povrer  string  relay  (l)  is 
in  the  energising  position),  then  the  igniter  contactor  (08)  in  the  remote  Junction  station 
is  energised  (closed).  Ibis  provides  electrical  current  through  the  igniter  heaters  (OlO) 
which  causes  the  Igi^r  (Oil)  to  commence  burning.  a»rtly  thereafter,  the  igniter’s 
fusible  link  (018)  is  broken  by  the  heat,  causing  the  igniter  fuse  security  relay  to  be 
de-energised  (open).  Ibis,  providing  the  fire  cut-off  switch  is  still  being  held  in  the 
'Fire*  position  and  the  power  security  relay  la  in  the  energised  position,  causes  the  nose- 
plug  dr^  contactor  (09)ln  the  remote  Junction  station  to  become  energised  (closed).  Ibis 
applies  S5-volt  dc  power,  provided  by  a  special  power  supply  in  the  remote  Junction  station, 
to  the  nose-pbig  solenoid  (013)  caiislng  it  to  actuate  and  disconnect  the  nose  plug  (014)  from 
the  vehicle.  Tbe  dropping  of  the  nose  plug  breaks  the  circuit  continuity  of  the  nose-plug 
security  relay  (07),  causing  it  to  be  de-energised  (openX  Ibis,  provided  that  the  fire  cut- 
oO  switch  is  still  being  held  in  the  'Fire*  posltlmi  and  that  the  power  security  relay  (03) 
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la  anerglsad,  causes  the  (use  sseurltjr  relay  to  be  de-energlsed,  and  the  fire  relay  (20)  In 
the  rehlele's  powerplant  Junetlmi  box  to  be  actuated  and  mechanically  retained  In  Its 
‘latched*  position.  This  energises  the  hydraulic  peroxide  valve’s  pilot  valve  (45)  and 
pneumatic  peroxide  valve’s  pilot  valve  (43)  to  the  open  position.  The  <qpenlng  of  ^  pneu¬ 
matic  peroxide  valve  (44)  by  control  gas  pressure  Is  relatively  rapid,  whereas  the  opening 
at  the  l^draullc  peroi^  valve  (46)  Is  d^yed  by  means  at  a  hydraulic  control  orifice. 

Since  the  two  peroxide  valves  are  la  aeries,  the  IqrdrauUc  valve  actually  controls  the  flow 
of  peroxide  from  the  pressurised  main  peroxide  tank  Into  the  peroxide  deconoposer  (47) 
where  It  Is  catalytically  dscompoaed  Into  water  vapor  and  o^qrgen  at  high  temperature. 

This  high-energy  gas  flows  Into  the  driving  turbine  at  the  rocket  engine’s  turbopump 
assembly  (48)  causing  it  to  accelerate  to  operating  speed.  During  this  acceleration, 

(a)  the  oxldlaer  pump  causes  the  oxldlser  valve  (49)  to  be  opened  by  the  Increasing  oxidiser 
pressure  and  the  oxldlser  pump  outlet  pressure  swlteh  (51)  to  be  opened,  (b)  the  fuel  punq> 
causes  the  fuel  valve  (SO)  to  be  opened  by  the  increasing  fuel  pressure  and  the  fuel  pump 
outlet  pressure  switch  (52)  to  be  opened,  and  (c)  the  hydraulic  puaq>  (20),  which  is  mechani¬ 
cally  coupled  to  the  turbopump,  la  accelerated  to  operating  qmed.  With  fud  being  supplied 
by  the  fuel  tank  (30),  raised  to  a  high  pressure  in  the  fuel  pump,  and  admitted  to  the  thrust 
chamber  (S3)  by  the  fuel  valve;  and  with  oxldlser  being  supplied  by  the  oxldlser  tank, 
raised  to  a  high  pressure  in  the  oxldlser  pump,  and  admitted  to  the  thrust  chamber  through 
the  oxldlser  valve;  and  provided  the  igniter  is  stil  burning  In  the  thrust  chandwr;  com¬ 
bustion  begins  and  thrust  Increases  until  the  operating  chamber  pressure  is  attained. 


Lift-Off 

When  the  developed  thrust  exceeds  the  vehicle  wel^  plus  disconnecting  forces,  the 
vehicle  llfta  ott  the  launching  stand.  Llft-ott  causes  (a)  the  power  and  control  circuits’ 
tall  disconnect  plug  (015)  to  beconoe  disconnected,  0>)  the  instrumentation  circuits’  tall 
disconnect  plug  (016)  to  become  disconnected,  (c)  the  OLM  llft-oft  svritch  (5)  to  be  opened, 
(d)  the  NHL  lift-off  switch  (6)  to  be  closed,  and  (e)  the  ground  hydraulic  disconnect  (017) 
to  be  closed.  Disconnecting  the  power  and  control  circuits’  tall  plug  removes  the  ground 
gyro-nulling  amplifier  signals  from  the  vertical  (pitch  and  yaw)  and  the  roll  gyro  torquers, 
thereby  freeing  the  orros  for  flight  reference,  b  opening,  the  *OLk!’  lift-off  switch  causes 
the  tkxe-off  relay  (3)  In  the  main  controls  can  to  be  de-energlsed  (open).  In  becoming 
de-ensrgised  the  take-off  relay  causes  the  OLM  timer  (8)  to  start  operating  and  the  roll 
Jet  system  to  becomo  armed.  In  closing,  the  NRL  lift-off  switch  causes  the  NRL  timer 
(7)  to  start  operating. 


Vertical  Flight 

For  the  first  ten  seconds  of  flight  the  vehicle  Is  malntalnsd  In  a  fixed  vertical  attltnde. 
b  pitch  and  yaw,  thb  b  acUeved  through  operation  of  the  control  system  loops  consisting 
of  a  vertical  gyro  (65,  78^  autopilot  anmliflers  (66, 19\  transfer  valves  (67,  80),  hydraulic 
actuators  (66,  8lX  and  the  llmbaled  thrust  chamber  (70,  83X  b  roll,  the  loop  consists  of 
the  roll  gyro  (91)^  autopilot  amplifier  (92),  and  solenoid  valve  and  fb-mounted  Jet  pairs 
(102-lM,  107-1IOX  b  addition,  the  ndl  aerodynamic  control  system  controb  the  hydraul¬ 
ically  actuated  tabs  (96,  100)  on  two  of  tbs  flam  these  tabs,  however,  are  not  fully  effective 
during  Am  early  aad  lab  portions  of  powered  flight  because  of  the  low  dynamte  pressure 
due  to  low  valoelty  aad  km  air  dsnslly  respectively.  During  bese  periods,  therefore,  the 
roll  Jet  system  Is  ensrglaed  to  ■— ueatn  constant  roll  attitude. 


Pitch  Program  b 

At  TflO  seconds  the  OLM  timer  taltlates  a  plteh  program  by  causing  the  ‘down*  com- 
numd  rMay  ^7)  la  Am  forward  eoafroleaa  to  become  energbed  (dosed),  provided  no 
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fll^-path-trliiuBliif  ground  comaiAiidA  bavo  bem  roealTod  (thorobjr  oiiorglxiiig  (cloMd)  the 
Up,  Right,  or  Lift  eomauuKl  relays  (M-0O)X  Hie  Down  eoauttuid  rel^,  when  closed,  pro- 
Tldes  a  torgalng  current  to  the  pitch  and  yaw  preeeaaloii  axis  torquers  via  the  cosine  and 
sine  resolver  anpltfler  units  (M,62)  located  in  the  forward  controls  can.  Theseunits 
apportlmi  currents  to  both  the  pitch  and  yaw  torquers  to  produce  a  gyro  precessim  of  0.25 
d^sec  in  the  trajectory  plane,  more  or  less  independently  of  ai^  v^cle  roll  attitude 
error.  Ihe  rehlele  is  constrained  to  fly  along  a  path  which  is  programmed  in  die  trajectory 
plane  at  the  gyro  precession  rate. 


RoU  JetstXf 

At  T4-21  seconds  the  OLll  timer  de>energiaes  the  roll  Jet  system  and  roll  control  la 
by  fin  tabs  alone  until  T-fM  seconds. 


Cut-Off  Armed 

At  Tf30  seconds  the  MRL  timer  supplies  voltage  to  the  fuel  and  oxidizer  pump  outlet 
pressure  saritehes,  thus  armii«  the  normal  cut-off  initiation  system. 


Pliel  Vents  Closed 

At  TfW  seconds  the  OLM  timer  energises  the  fuel  tank  vent  r^y  (23)  to  the  'unlatched* 
position  where  it  is  mechanically  retained.  This  i^iplies  power  to  the  electrically  operated 
fuel  tank  vent  valves  (28,  29)  which  then  close. 


Pitch  Program  Terminated 

At  T'flS  seconds  the  OLM  timer  de-energises  (open)  die  Down  command  relay, 
removing  the  vertical  gyro  torquer  excitation  and  thereby  stopping  the  pitch  program. 
Attitude  control  in  all  three  axes  is  then  reinstated  by  die  fixed  reference  thus 
established. 


RollJetsOn 

At  T* 90  seconds  the  OLM  timer  energises  the  roll  Jet  circuits,  causing  the  roil  Jets 
to  the  roll  attitude  in  the  regkm  of  diminishing  dynamic  imesaure  and  resultant 

tab  ineffectivsness.  Ihe  OLM  timer  stops  after  oonductinig  this  final  function. 


Cut-Off 

Exhaustion  of  fbsl  or  oxUdser  is  evected  to  taka  place  at  approxlmatMy  109  seconds 
and  will  be  sensed  by  the  closiag  of  the  appropriate  pnmp  onttet  pressure  sadtch.  The 
closiiv  of  eiOsr  of  diese  two  swttehes  once  in  the  armed  oondltion  (Tf30  seconds)  will 
energise  (dosed)  the  propulsion  cnt-oCf  rdiqr  (27)  which  is  eisctrically  self-holdtng,  and 
ensrglae  the  prewrising  relay  and  the  fire  relay  to  dwlr  'wilatched*  positions  where 
they  are  aMChsaioalfy  rstatawd.  la  becoming  ■whlatdied,*  die  fire  relay  causes  both  the 
hydbaalic  and  pnsiimstlr  peroxids  valves^  pilot  valves  to  be  de-energised  (closedX  These 
1^  valves,  in  elostag,  caass  ^  flow  of  peroxids  to  dm  peroxida  dscompoMr  to  cease, 
resalthv  M  ao  farther  driving  gas  betag  admitted  to  die  turbopuagp,  and  consequently  In 
its  deedsration.  The  rMultaat  raiddly  deereasiiig  fuel  and  oxldiser  pump  outlet  imsssures 
bring  about  a  deersase  in  the  thrust  chamber  pressure  and  hence  in  die  thrust.  The 
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Aprlng-loadad  fuel  and  oxldiser  valvee  close  when  the  propellant  preuure  hae  become 
^ficiently  low,  cutting  off  the  propellaiA  flow  altogether.  Altho«igh  energiaing  power  to 
the  oxldiser  tank  and  peroxide  tank  vent  valvee'  pilot  valvee,  which  are  maintaining  the 
tank  vents  cloaed,  la  no  loni^r  supplied  by  the  unlatched  preasurlalng  relay,  the  energised 
propulsion  cut-oCf  relay  takes  over  this  function;  thus  no  tank  venting  occurs  upon  cut-off. 
However,  unlatching  the  pressurising  relay  de-energlses  (closed)  the  main  gas  regulator 
ending  Its  regulated  gas  supply  function.  Ihe  oxldiser  tank  off-on  pressure  regulation 
system  Is  also  made  non-operative. 


Post  Cut-Off  Attitude  Control 

The  propulsion  cut-off  relay  (27)  upon  being  energised  (closed)  causes  the  controls 
cut-off  relay  (4)  In  the  main  controls  can  to  be  energised  (cloaed),  thus  energizing  the 
pitch  and  yaw  peroxide  Jet  system  (consisting  of  four  autopilot-controlled  solenoid  valves 
which  supply  hydrogen  peroxide  to  four  small  rocket  motors  whose  hlgh-veloclty  gas 
streams  produce  attitude-corrective  thrust),  and  energising  the  roll  Jet  system  If  It  has 
failed  to  become  energized  by  the  NHL  timer  at  T'fOO  seconds  Oprsmature  cut-off). 


Minltrack  Eject 

At  T-t-lkO  seconds  the  NHL  timer  provides  power  to  the  two  bellows-contalned  squibs 
(‘caterpillars”)  of  the  Iflnltzack  transmitter  ejection  system,  causing  them  to  Ignite  and 
expand.  Either  equlb  alone  Is  capable  of  withdrawing  the  releasing  key,  allowing  the  com¬ 
pressed  spring  to  extend  the  carriage  and  eject  the  small  qihere,  with  Its  *roU-up*  antennas, 
which  contains  the  Minltrack  transmitter. 


Separation  Armed 

At  approximately  T'f  122  seconds  the  NHL  timer  energizes  (closed)  the  separation 
arming  relay  (113)  In  the  forward  controls  can,  thus  preparing  the  vehicle  for  the  sub¬ 
sequent  Inversion  maneuver  and  nose-cone  separation. 


Inversion  Maneuver 

At  approximately  T'f318  seconds  the  NRL  timer  causes  the  inversion  start  relay  (114) 
to  be  energized  (closed)  and  the  time  delay  r^y  (115)  to  begin  Its  delay  period  provided 
the  inversion  stop  relay  (117)  Is  de-eaerglzed.  These  components  are  pi^  at  the  vehicle's 
Inversion  maneuver  system  located  in  the  forward  controls  can.  The  Inversion  start  relay 
causes  the  fast-slow  precession  relay  (55)  to  be  energised  (closed)  In  fast  position,  result¬ 
ing  in  full  voltage  excltatkm  of  the  vertical  gyro  pitch  precession  axis  torquer  and  thus  in 
maximum-rate  precession  gf  the  vertical  gyro  about  the  vehicle’s  pitch  axis.  The  Jet 
attitude  control  system  then  rotates  the  vehicle  in  the  pitch  plane.  After  a  slight  angular 
displacement  the  increasing  inversloo  gyro  pitch  signal  ou4^  combined  with  the  vertical 
gyro  pitch  signal  In  a  mixing  amplifier  circuit,  cause  the  sigma  rMay  (116)  to  be  de-energized. 
Following  this  the  time  delay  rMay  reaches  the  end  of  Its  tWay  period  and  becomes  energized, 
permitting  the  sigma  relay,  on  becoming  re-energlsed  alter  the  vehicle  has  attained  the 
designated  pitch  orientation  (nominally  153.9  degrees  from  the  vertical),  to  energise  (closed) 
the  Inversion  stop  rtiaf.  This  de-energlses  the  inversion  start  and  fAst-alow  precession 
relays,  removing  the  vertical  gyro  pitch  torquer  excitation  and  re-establishing  the  vehicle 
in  a  constant-attltttde-cmitrol  state  at  the  desired  nose-cone  ^e-entry  angle. 
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Nose>Cone  Separation 

At  T-«'463  seconds  the  NRL  timer  (provided  a  separation  ground  command  has  not  been 
transmitted)  causes  the  blow-ott  (separation)  relay  (119)  to  be  energized  (closed);  this 
energizes  the  lour  nose-cone  explosive  bolts  (120-123).  When  all  lour  bolts  have  detonated, 
the  compressed  spring  (124)  separates  the  nose  cone  (126),  breaking  the  electrical  discon¬ 
nects  (125).  The  separated  nose  cone  is  thereby  oriented  lor  optimum  re-entry,  i.e.,  at  a 
minimum  angle  ol  attack. 
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